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SUMMARY

OF

The thrustaugmentationaf a turbojetengineresultingfrom .
the evqoration of waterprtorto mechanicalconrpressionwas inve&
tigatedovera rangeof flightMach numbers,altitudes,ambient
temperatures,and embientrelati’vehumidities.The amountof cool-
ing obtainedby evaporationof the waterwsa determinedby means
of a speciaXLypreparedPsychometriccharthavingtotalpressure
as a variable. Both the augmentedand normalengineperformance
were then evaluatedfor the variousoperatingconditionsby means
of a generalizedanalysisd turbojet-engine~rformance.

The emountof thrustaugmentationpossiblefrom ccanpnssor-
inlet-airsaturationincreasedwith an increasein“flightMach
numberand decreasedas the altitudewas increased.For exam-
ple,for an inlet-M?fuser-efficiencyof 0.8,increasingthe sea-
IevelflightMach numberfrom O to 1.75increasedthe ratio of
au@nentedto no- thrustfrom 1.03to 1.92. For a flightMach
numberof 1.75,increasingthe altitudefrom sea levelto
35,332feet reducedthe ratioof auguentedto normalthrustfrom
1.92to 1.31.

PODUCTION

When water-is injectedintothe compressorinletof a turbo-
jet engine,the evapmative ooolingobtainedresultsin increased
enginethrustat the expnse of increasedliquidcorqumption.An
analysisof the evaporative-coolingprocessand the attendant
thrusta~entation can be convenientlydividedintotwo phases:
(1) coolingoccurringat constantpressurebeforethe air enters
the compressor,and (2)the additionalcoolingassociatedwith
furthereva~rationof waterduringthe mechanical-compression
~ocess. An analysisof evaporationthat occursduringmechanical

.
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2 NACA ‘IN2105

compressionaftersaturationof the inletair and the *t aug-
mentationproducedby the injectionof sufficientwater at the
compressorinletto saturatethe compressor--outletair is
reportedin reference1.

An malysis of the constant-~essureevaporationupstreamof
the compressorand the attendantthrustaqntation wea made at
the N~A Lewislaboratory.A S~CiEd-iZ6d ~@3Y31WtiiC chart that
permitsmloulationof the temperatureresultingfrom the evapo-
rationof water upstreamof the cvessor is presented. This
TMyohrmetricchartdiffem!froq the usualform,which is valid
for one presswe only,in that the tqrat~e qe h= been
greatlyetiendedand pressureis inoludedas a variable. Also
presentedis a methcxlfor calculatingturbojet-engineperform-
ance overa rangeof altitudesand flightMach ntmibersfrom data
obtainedat any givenflightcondition.For puposes of illus-
tration,this generalizedPerformanceanalysisis appliedonly in
the case of data obtainedat sea-level,zeroMach numberconditions.
The ~sychrmetricchartand the generalized@rformance analysis
were usedto calculatethe thrustaqgnentationresultlngfrom
water evqorationpriorto compressionfor a typicalturbojet
engineo~rating overa rangeof flightMach nuribersfrom O to
1.75at altittieaof sea leveland 35,332feet. AlEo.investi-
gatedwere the effectsof variationin inlet-airtemperatureand
atmospherichmidity on thrustaentation produced.at sea-level,
zeroflightMach numberconditions.

ANALYSIS

h evaluatingthe d’feetof compressor-inlet-airsaturation
on engineperformancee,.both the coolingdue to the evaporationof
water and the effect& the resultingdecreasedinlettem~rature
on engineperformance must be determined.The emountof oooling
obtainedwas determinedby means of the psyohrometricchartpre-
sentedherein. The effectof the reducedinlet-airtemperatures
on engineperformancecouldbe detemdned.from a conventional
thermdynemicanalysisof the p&fomance of the variousengine
componentsby usingassumedcomponentefficiencies,as illustrated
h referenoe1. In the presentinvestigation,however,the deter-
minationof engineper-i?ormanceat variousinlet-airtemperatures
is basedon a generalizedmethodof presentationof turbojet-engine
~erformanoein termsof the pumpingcharacteristicsof the engins.
(Seereference2.) 13ymeans ti this analysis,it is possibleto
describebdth the au@nente=dand normalengineperformanceover a
rangeof flightMach numbersand altitudesfl?a data obtahed
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at sea-level,zeroMach
the thrustaugnentatfon

nWber conditions.In orderto indicate
yossiblefrom saturationof the com~essor-

inletair with waterfor a rangeof flightconditions,this gen-
eralizedanalysisis appliedto performancedatafor a typical,
currentaxial-flow turbojet engine.

PsychometricChart

The fsmdliarpsychometricchprtwed in air-conditioning “
calculationsis usuallylimitedto standardsea-leveltotalpres-
sure and’to temperatureslessthan 300°F. With changesin flight
conditions,the pressuresand the temperaturesat the compressor
inletof a turbojetenginevarywidelyoverrangesnot included
,inthe usualpgychrometricchart;a chartwas thereforeconstructed
to includetheserangesof pressureand temperature.

In derivingthe psychometricchart,the followingaesump-
tlonswere made:

(a)

(b)

(o)

(d)

The air andwatervaporare alwaysat the same temperature.

Dalton’slaw of partialpressuresis valid.

The temperaturecf the injectedliquidwater ia 518.4°R.

The thermodynamicPoperties of the watervapor are func-
tionsonlyof temperaturefor the _ of vaporpressure
considered.

By meansof theseassumptions,the theoryof mixtures,and
data for the the~c pro~tiies of air and watervapor
(references3 d 4, respectively),a psychrcmetricchartwas con-
structedwith pressureas a variableand for temperaturesup to
15000R. The spbols used in the derivationof the chartare”
definedin appmdix A; the detailsand the requiredequationsare
presentedin appendixB.

GeneralizedPerformanceAnalysis .

When the ccxnpressor,burner,and turbinecombinationof a
turbo~etengineis consideredas a pump and performancedata are
presentedin termsof the pressureand temperatureincreaaespro-
ducedby thispump,it is possibleto prediotengineperformance
overa rangeof flightMach numbez%and altitudesfrom data

o
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obtainedat sea-level,zerofught Mach n~ber co~itio~ @ fr~
a knowledgeof the inlet-dMfuser and exhaust-nozzleperformance.
The enginepressureratiois deftiedaa the ratioof turbine-
outlettotalpressureto compressor-inlettotal~ssure; the
enginetemperatureratio is definedas the ratioof turbinequtlet
totaltemperatureto compressor-inlettotaltemperature.Air
flow,fuel flow,and enginepressme ratioare functionsonly of
the enginetemperatureratioand the enginespeedfor givenengine-
inletconditionsof temperatureand pressure. The thrustand the
tuel oonsum@ioncan thereforebe determinedfor a rmge of flight
Mach nunibersand altitudesfrom,a knowledgeof the desiredflight
conditionsand.consequentengine-inlettemperatureand pressure
and an assumedengines~ed and turbine-outlettemperature.

Insamuchas operationat ratedenginesmed at low inlet-air
temperaturesinvolvesoorrectedenginespeedsthat couldnot be
simulate4Lat normalsea-leveltemperatureswithoutdangerously
overspendingthe engine,the minimumflightMach numberfor which
performancecan be obtainedby means M the generalizedperform-
ance analysisis dependenton the altitude. At any altitude,the
minimumflightMach“nuuiberis thatfor whichthe compressor-inlet
totaltemperatureis equalto the ccqmessor-inlettotaltempera-
turefor the sea-level,zeroflightMach numberinvestigations.
For data obtainedat standa?iisea-leveltemperature,the nd.dmum
flightMach numberincreasesfrom O.6 at an altitudeof 10,000feet
to 1.25at 35,332feet. ThisminimumflightMach numberlimita-
tion couldbe avoidedby usingdatafor whichrefrigeratedinlet-
air was suppliedto the engine.

The accuracyaf the generalizedperformanceanalysiswhen used
in calculatingperformanceat variousaltitudesis dependenton
the degreeto whichthe femiliarcorrectedengineperformance
parameterscan be generalizedfor variousaltitudes.The great-
est errorsinvolvedprobablyoocurin fuel consumption,wherethe
combustionat?fioiencychangesmarkedlywith altitude. Changesin .
componenteffioienciesresultingfram changesin flightMach num-
ber are accountedfor by thismeth~ of analysis.

‘l!hedetailsof the generalizedperformance‘analysisand the
performanceobtainedfor a typicalengineere presentedin ap&n-
dix c. A “discussionof
aoteristicsof turbojet

.,
s.

other-applicationsof the pmupingdar-
enginesis presented.in reference2. .

u
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AugmentationCalculations

By use of the psychrometriochartto evaluatecoolingdue to
evaporationof waterand the generalizedperformanceanalysisto
obtainnormaland augmentedengineperformancee, the thrustaug-
mentationresultingfromwater evqoratibnbeforecompressionwas
determinedfor a typicalturbojetengine. The curvespresented
are for
require
nozzle.

ham%

constantenginespeedand turbine-outlettemperatureand
thatthe engine”be equippedwith a variable-areaexhaust

accountwas takenof the effectof the changein thermo-
propertiesof the workingfluidproducedby the additiqn

of watervaporon the performancecurvesfor the engine. Experi.
mentalresultsindicatethatwater contentdoeshave some effect
on thesecurves;however,the effectis relativelyslightand no
completelysatisfactorymethodhas~ as yet,been devisedto
accountfor it. \

RE3UI.35AND DISCUSSION

XHyohrometricchart

In the psychometricchartpresentedin figme 17 total
enth.alpy H is plottedagainstdry-bulbtemperaturet for vari-
ous valuesof water-airratio X. Also includedare curvesof the
ratioof relativehumidityto relativepressureP/8j where rela-
tive pressure 5 is definedas.the ratioof staticpressureto
standemlsea-levelstaticpressure. hasntuchas evapaation
occursat constantpressure,the valueof 5 is unchangedby
water injection.The curvesof constantwater-airratio X are
appradmatelystraightlineshavinga positiveslope,and the
curvesof constantratioof relativehumidityto relativepres-
sure cp/5 are curvedupward. The distancebetweenthe linesof
constantwater-airratiodecreasesas the water-airratio incresses.
The enthalpyscalewas arbitrarilychosensuchthat the enthalpy
of a saturatedmixtureof air and watervaporat a temperate
of 518.4°R and a pressureof 14.696poundsper squareinchwas
100Btu per poundof air.

The temperatureresultingafterwaterevaporationmay be
obtainedfromfigure1 for a wide rangeal?initialair tempera-
turesand pressures.The temperaturecan be found eitherfor the
evaporationof a givenamountof water or for any finalrelative
humidity. The methxlaP usingthe chartis indicatedby the fol-
lowingillustrativecases:

.
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F&smple (1).- For initiallydry air at a temperatureof
1260°R assumethat sufficientwater is injectedto give a final
water-airratioof 0.05. From figure1, the totalen~a@9 is
271.6Btu Ter poundof air for a temperatureof 12600R and a
water-airrattoof O. Inasmuchas evaporationomurs at oonstant
totalenthal~, the tempfiture afterevaporationcan be found
from the initialtotalenthalvyand the finalwater- ratio.
For a totalenthal~ of 271.6Btu ger poundof air and a water-
air ratioof o.OS, the temperatureis 1006°R. ~ tweratue
drop is then 252°for theseparticularconditions.

l&emple(2).- In omlerto illustratethe use ti the chart
in obtainingthe temperatureand the water-airrationecessaryto
saturateair frcm a givenset of initialconditions,initiallydry
air at a temperatureof 1060°R and at twicestandti sea-level
staticpressureis sssumed. l!heenthalpycorrespondingto a tem-
peratureof 1060°R and a water-airratioaf O is 221.0Btu per pound
of air. The valueof relativehumidityfor saturationis 1.0 and
for theseconditionsthe valueuf 5 is 2.0. The teqerature and
water-airratiosare 614°R ad 0.0995,respectively,at ~
enthalw d 221.0Btu Ter poundof air and a valued q/8 of 0.5.
For theseoondltions,the initialmixturew be cooled446°by
injecthg 0.0995poundof waterper poundof air.

Ecemple(3). - The use of the chartin obtainingtemperatures
resultingfromwaterevaporationwhen somewater is initial.ly
presentin the air is the same as that previouslydescrib@,
exceptthat the startingenthalm is foundfrom the initialwater-
air ratioand temperature.For exemple,for the conditionsof
temperatureand pressurein exemple(2)and an initialwater-air
ratioof 0.02,the initialenthal~ is 247.0Btu per poundof air.
The saturationtempenturefor en enthalpyof 247.0Btu per pound
and a valueof Q/8 of 0.5 is 620°R and thewater-airratio
reqdred is 0.122. For theseconditions,ooolingthe initialmix-
ture 440° is therefore possibleby evaporating0.102~und of water
perpound of air.

The effectof initialtemperatureand pressureon the emount
of coolingpossiblefrom saturationcan be resdilyseenfromfig-
ure 1. For a constantpressureand consequentconstantvalueof
@3 (P = 1), the amountof coolingpossibleincreasesas the
initialtemperatureis raised. For a constanttempemhu’e,
increasingthe pressuredecreesesthe valueof CP/8,and from
figme 1 decreasingthe valueof ~/8 is seen to decreasethe
amount& coolingobt”ained.In general,whenwater is initially
present,the coolingpossiblefmm saturationis somewhatless

.
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than for dry air,~ the amount& waterthatmust be injectedto
obtainsaturationmay be eitherscmewhatgreateror less,depemUmg
on the initial oondftions.

h the constrmtionof figure1, it &
enthalpyat liquidwater is zeroat 518.4°R
injeotedfor coolingis at thistemperature.
turesonlyslightlydtl?fezwntfrom 518.4°R,

been 8ss%ed that the
and that the water
For water at tempera-
te erron in tempera-

ture andwater-sirratiotnvolvedwill be negligible;in dxmme
cases,however,the emor in the amountof waterrequiredfor a .
givenemountof uoolingmay bemme appreciable.For example,fig-
ure 1 indioatesthat initiallydry air at a temperatureof 910°R
ti stan@rd sea-level~essure - be cooled333°by saturation
with water. The water-airratiorequiredas indicatedby figure1 “
is 0.075. For water injectedat 618.4°R ratherthen 518..4°R,
the mount of coolingpossible,as detenninqlby the methcxldis~
oussedin appendixB, wouldbe 3310;the requiredwater-airratio
wouldbe 0.061. For temperaturesof in.jeotedwater less than
518.4°R, the o- wouldprediotslightlylesscoolingthan
aotuallypossibleand,somewhatgreaterwater-airratiosthan
aotuallynecessary.For partialsaturation,theseMf’ferenoes
wouldbe reduced.

Generalized%rformanoeAnalysis

The curvesneoessaryfor Predictingperfomanoe at v-ious
flightMach numbe= and altitudesfrom azperimentaldata obtained
at sea-level,zeroMach numberooxditionsare presentedin fig-
ure 2. Thesecmves were obtainedfrom the perfommmce of a our-
rent turbojet enginehavingan sxial-flow mn~ssor and develop-
ing 4000 poundsthrustat sea-level,zeroMaoh numbercotiitions.

The methcdof obtainingthesecurvesfrom the u6ualturbojet-
englneperfcmmanoequantitiesis ~esented in appendixC.

In figure2(a)the enginepressureratio ~/Pl, the ratio
of totalpressureat turhipeoutletto totalpressureat compressor-
inlet,is shuwnas a funotlonof inlet-temperaturefactor e(7700fi)2
for variousvaluesof the faotor (~/166(3)(7700/Ii)2.The tom 8
is adma .8sthe ratioof compressor-inlettotalkmperature to
stand- sea-levelstatictemperature,N is ‘~ engtnespeed,
T7 is the turbine-outlettotaltemperature,d the constants7700
and 1660are ratedenginespeedand ratedturbine-otilettotal
temperature,respe.ctlvely,for the particularengineconsidered.

.,
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The factor 13(7700/11)2is readilyobtainablefrom the more fsmil-
iar corrected-enginespeed N/@. (Theterm 7700 is includedto
allowthe abscissaof figure2 to be readdirectlyin terms of O
for the conditionof ratedenginespeed.) Curvesare includedfor
valuesOf (T7/1660)(7700fi)2 Of 0.9, 1.0, ma 1.1. All con-
ditionsfor which the engineis operat@g at ratedturbine-outlet
temperatureand ratedenginespeedare presentedby the curvefor
whichthe valueof (T7/1660)(7700/@2 is 1.0. Operatingcon-
ditionsotherthan deslgaspeedand turbine-outlettemperature
are representedby the curvesfor whichthe valueof
(T7/1660)(7700/11$)2is difYerentfrom 1.0. It can be seen from
figure2(a)thatfor a constantvalueof (T7/1660)(7700/l?)2,the

, enginepressurerat%odecreasesas 6 increases;hence,the
enginepressureratiodecreasesas the flightMach numberis
increasedand increasesas the altitudeis increased.

In figures2(b) and 2(c), the engine total-gas-flowfac-
tor (W#3)(N/7700) and fuel-flowfactor (Wf/5)(7700/N).,respec-
tively,are shownas functionsof the inlet-temperaturefac-
tor 8(7700/lV)2for variousvaluesof the factor (T7/1660)(7700/3T)2.
The gas-flow factor (Wg/15)(N/7700) is obtainedby takingthe sum
of the air flow and the fuel flow and correctingthe sum inthe
samemanneras air flow. Becauseair flow and the fuel flow
shouldnot actuallybe correctedin the seine&er, this factor
is a somewhatinaccurateme&re of the correctedtotal.gas flow;
however,fuelflow is a smallpart of the totalgas flow and no
seriousinaccuracyis thus involved.

The gas-flow end fuel-flow factors(figs.2(b) and 2(c)) can
be readilyobtainedfrm the more familiarcorrectedair-flowand
fuel-flow parametersWa@/8 ati Wf/(5N/@, respectively.In
obtainingperfomnencedata at high flightspeeds,-theeffect&
veqdng inletconditionsfor constantenginespeedand turbine-
outlettemperaturemust be determined;in figure2, the usual
perfozmance parametershave thereforebeen so alteredthat the
inlet-temperatureparameter 19 becomesthe primaryvariableand
the enginespeed 19, the correctionparameter.

Ih orderto simplifythe computationsof perf’omanceat vari-
ous flightMach numbe~ by means cf the generalizedperfomnance
anal.ysis, curves of inlet~iffuser and exhaust-nozzleperformance
are presentedin figures3 end 4, respectively.The inlet-diffuser
pressureratio 5/50 for variotivaluesof diffuserqdiabatic
efficiencyis shownin figure3(a) as a functionof flightMaoh
number. ~ tietdiffuser temperatureratio 13/eo,which IS

—— –——— — -——— -..—— -. --—
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independentof diffusereffioienoy,is shownas a functionof
fli@t Mach nmber in figure3(b). The terms 80 and 00 have
been includedin figure3 in orderto generalizethe curvesfor
all altitudes.

The effeotiveekhaust-jetvelocity ~a~~- is shownas
a funct+onof exh~ust-nozzlepressurerati~ P7/pO for various
valuesof exhaust-nozzleadiabaticefficiencyin figure4. The
oonstant1660has been intr@uoed In orderto allowthe cmes of
figure4 to’bereaddirectlyin termsof jet velocityfor a
turbine-outlettemperatureof 1660°R, which is the normalvalue
for the engineused to illustratethe generalizedperformance
analysis. The curvesof figme 4 are for a simplemnvergent-
typenozzleand includethe thrustcontributionof the excess
pressureat the nozzlethroat.

The methalof usingthe curvesof figures2 to 4 to obtain
eng@e performancee is illustratedby means of the following
example:

Assumethatthe engineis operatingat an enginespeed@
7700rpn and that the exhaust-nozzlearea is variableso that a
turbine+utlettemperatureof 1660°R can be maintained.Further
assumethat performanceat a sea-levelMach nuuiberof 1.0 is
desiredand.that the engineIs equippedwith an inletdiffuser
and an exhaustnozzlehavingadiabatioefficienciesof 0.85 and
0.96,respectively,at theseconditions.The performancecan then
be evaluatedby the followingsteps:

1. For sea level (t30= 1, 130= 1) at a flightMach nmiber
of 1.0 and a dil?fuseradiabaticeffioiencyof 0.85,the total-
pressureratioacrossthe inletdfiuser 8/50 from figure3(a)
is 1.74.

2. For the same conditions,the Met ~tier total-temperature
ratio 19/eOfrcm figure3(b) is 1.2.

3. For an enginesped of 7700rpn, a turbine-outlette~ra- .
ture of 1660°R, and a valueof 8 of 1.2,the followingquanti- .
ties can be determinedfrom figuiw2: enginepressureratio P7/~
is 1.496(fig.2(a));gas-flowfactor (Wg/8)(N/7700) is 60.8
(fig.2(b)); and the fuel-flowfaotor (Wf/8)(7700/N) is 0.870
(fig.,2(0)).

4. !I!hetotalgas flow Wg and the fuel flow Wf are found,
from the‘valueof 8 and the correctedgas-flowand fuel-flowfac-
tors,to be 105.6and 1.514poundsper seoond,respectively.

_. . _.. _——-— --— —
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5. The exhaust-nozzlepressureratio q/pO is-obtainedfra
the productof the diffuserpressuzmratio 8/50 * the engine
Pressureratio P7/P1;the value C& ~/p. is foundto be 2.603.

6. For the givenvaluesof exhaust-nozzleefficiency qn,
turbine-outlettemperature~, and the calculatedexhaust-nozzle
pressureratio P7/po, the effectivejetvelocity Vd is found,
from figure4, to be 2180feet per second.

7. For a sea-levelflightMach nuniberof 1.0,tie flight
velocity VO is 1117feet per second.

8. By usingthe jetveloc<ty V~, the flightvelocity Vo,
the gas flOW Wg$ and the fuel flow Wf, the net thrust F of
the engineis foundfrum equation(Cl)of appendixC to be
3538 pounds.

9. tie specificfuel consumptionis, from the *t and the
fuel flow,1.541poundsper hour per poundof thrust.

AugmentationCalculations

By usingthe psychometricCM (fig.1) to evaluateinlet
temperaturesfor saturationand the previouslydescribedgeneral-
izedperformanceanalysisto evaluateboth normaland aqntal
engineperformance,the thrustaentation resultingfrom
compressor-met saturationwas dete~ed for the enginediscussed
herein. lh all oasesit was assumedthat the enginespeed and the
turbine-outlettemperatureweremaintainedat the ratedvalues.
It was alsoassumedthat the inletair was diffusedto a sufficiently
low velocitysuohthat the statictemperaturedid not differ
appreciablyfrom the totaltemperatureat the compressorinlet.

The augmented-thrustratioas a functionof flightMach num-
ber for valuesaf inlet-diffuseradiabaticefficiencyof 0.6, 0.8,
and 1.0 and-foraltitudesof sea leveland 35,332feet is shownin
figure3. b calculatingthe data presented.in figure5, the atmos-
phericrelativehumiditywas assm@ to be 0.50and,for each coh-
dition,sufficientwaterwas assumedto be Injectedat the com-
pressorinletto saturatethe & at this point.

Incresaingthe fli~t Mach nmber inoreasesthe augmented-
thrustratio (fig.5). For sea-levelaltitudeand an inlet+iffuser
adiabaticefficiencyof 0.8,the aupymnted-thrustratio increases
from 1.03at a flightMach numberof O to 1.92at a flightMach

.
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numbercf 1.75. !Cheincreasedthrustaugmentationat
f13ghtMach numbersis a resultaf the meater amount

11

increased ‘
of cooling

yossibleat high inlettempemtures. For a flightMach number-
cf 1.75and diffuseratibatic efficiencyC@ 0.8, increas~ the
altitudefrom sea levelto 35,332feet.decreasesthe au@nented-
thrustratiofrom 1;92to 1.32. This decreaseda~ented-thrust
ratioat thehigheraltitudeis a resultof the decreasedcooling
possibleat the low temperaturesassociatedwith high altitudes.
Althoughthe actualaugmentedthrustwill be lowerfor lower
valuesof inlet-diffuserefficiency,the augmented-thrustratio
increasesfor lower,edvaluesof diffuserefficiencybecauseof
the decreased.petiomance of the normalengine.

The top curves of figure5 givethe au@nente&liquidratio
correspondingto the augmented-thrustratiosshownin the lower
curves. The totalliquidconsumptionfor the augmented.engine
includesbothfuel and injectedwater,whereasthat,ofthe nomal
epglneis for fuel alone. The augmented-liquidzatioticreases
rapidlyas the flightMach numberis increasedamd decreasesas
the altitudeis increasedfrom sea levelto 35,332feet. For
emmple, increasingthe sea-levelflightl@ch numberfrom O to
1.75for a &lffuserefficiencyof 0.8 results’inan increasein
augmented-liquidratiofrom 1.15to 7.6. The increasedliquid
conmnptionsat increasedflightMach numbersand the decreased
liquidconsumptionathighaltitudesare a resultof the effect
of inlettempemtureon the amountof waterthatmay be evqo~ted.,
as was preciouslymentioned..The a~ented-liquid ratio is some-

what higherfor lowerdiffuserefficienciesbecausethe decreased
pressuresat the compressorinld allow.theevapomtion of more
water.

The curvespresenteilassumecompleteeva~orationof the
tnjectedwater yior to mechanicalcompression;however,the”val-
ues of thrustaugmentationshownwouldnot be greatlyinfluenced
by incmplete evaporation,inasmuchas the waterwould later
evapozatein the c&pressor.

The effectof atmosphericrelativehumidityon the augmented-
thrustratiois shownin figure6. The augmented-thrustratiois
shownas ,afunctionof fli&htMach number-forvaluesof atmos-
phericrelativwhumidityof 0, 0.50,and 1.00. Thebecurvesare
for sea-levelaltitude@ an inlet-diffuserefficiencyof 0.8.
me relativehumidity@ the atmospherehas a mall effecton
the augmented-thrustratio,with the greateat effectoccurring
at lowflightMach numbers. A changein atmosphericrelative

.4
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hmidity from O to 1.00changesthe augmented-thrustratiofrom
1.07to 1.00at a flightMach nmber of O andfrm 1.95to 1.90
for a flightMach numberof 1.75.

The thrustaugmentationat stendardsea-level,zeroMach num-
ber conditionsis very low,as indicatedin figure5. The data
of f-e 5 are for an atmospheric%m-penture of 59°F; for tem-
peraturesgreaterthan 59°F, however,more watercanbe evaporated
and the thrustincreasewill be greater.

This effectis indicatedin figure7, whereinthe augmented-
thrustratiois shownas a functionof inlettemperate for vari-
ousvaluesof atmosphericrelativehumidityat standardsea-level
yressureti zeroflightMach nmber. For an a@ospheric rela-
tivehumi~ty of 1.00,no thrustincreasecan be obtained,3nas-“
much as no evqomtive coo13mgis possible;for approximatelydry
air,however,ap~ciable gainsin thrustare possible,with
highertempe=turesresultingin higherthrustincreases.For
example,at a temperatureof 120°1?,the augmented-thrustratio
for an atmosphericrelativehumidityof O is 1.21as mmpared
with 1.07at a temperatureof 59°F. Althoughthe augmented-
thrustmtio is greaterat increasedtemperatures,the actual
thrustwillbe loweredbecauseof the markeddecreaseh normal
thrustat the lowercorrectedenginespeedsaccoqmqing the
increasedtemperatures.

The followingresultswere obtainedfrom an investigation
of the thrustau~ntation of turbojetenginesby the injection
of sufficientwater at the compressorinletto saturatethe
cmnpressor-inletair:

1. The augmented-thrustratiotheoreticallypossiblefrom
compressor-inletsaturationhcreased rapidlyas the flightMach -
numberwas increasedand decreasedas the altitudewas inoreased.
For.an atmosphericrelativehumidityM 0.50and an inlet-ctlffuser
adiabatic efficiencyof 0.8, increasingthe sea-levelflightMach
numberfrom O to 1.75increasedthe augmented-thrustratiofrm
1.03to 1.92. .The&ugwented-liquidratiofor the 1.75Maoh number
cotition was 7.6. For a flightMach nhber of’1.75,increasing
the altitudefrom sea levelto 35,332feet reducedthe augmented-
thrustratiofrom 1.92to 1.31.

.

.
.—— —.—.
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2. For standard atrnosQhericteqeratwes, the relativehumid-
ity of the atmospherehad a smalleffecton the augmented-thrust
ratio proihced by compressor-inletsaturationat all flight
speeti.

3. For sea-level,zeroMaoh nunberconditionsand low atmos-
phericrelati~ humidities,theaugmented-thrustratioinoreaeed .
as the inlet-airtemperaturewas inoreased.For high atmospheric
relative.humiditiesthe effectM inlettemperaturewas very small.

LWi.S Fli@t ~PUlf3iOn ~bOratO~,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland.,Ohio,December2, 1949.

.

.

.,
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SWBOLS
.

The followings~bols are used in this rqort:

net thrust, lb

accelerationdue to gravity,ft/eec2

totalenthalpyd air and &ter vapor,Btu/lb-air

enthalpy,Btu/lb

flightMaoh -her

enginespeed,rpm

totalpressure,lb/sqin. ‘

statioor partialpressure,lb/sqti.

mm of partial~essures of air and watervapor,lb/sqin.

partial~essure of watervaporat saturation,lb/sqIn.

-S oonstant,ft-lb/(lb)(OR) ‘
.

totaltemperature,%

statictempenture,%

velocity,ft/seo

specificvolume,ou ft/lb

weight flow, lb/seo

water-airratio,lb/lb

ratioof-specificheats

ratioof compressor-inlet
- levelstaticpressure,

totalpressure
P1/14.696

to standard.sea-

.

.

————. . . . . —._— .. .. —___
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50 ratio of

etatic
,

.

ambientstatiopressure
pressure, po/14.696

15

to standardsea-level

~n e@wau3t-nozzleadlabatioefficiency

e ratioc& compressor-inlettotaltemperatureto standard
sea-levelstatictemperature,T1/518.4

‘o ratioof
Statio

P density,

“T relative

Subsori@s:

a ati

ambientstatictemperatureto standardsea-level
temperature,to/518.4

. .

l../cuft

humidity, pv/pv,a

b conditionsbeforeevapomtion

u conditionsafterevaporation

.
f fuel

g totalgas (air

z liquidwater

s exhaustjet

T watervapor

plusfuel pluswater)

,0 free-streamuondltions .

1 compressw-in.letodlitions

7 turbine-outletconditions

v .

. . . .... —.—_. —~.— .. . .. .. . . .—— —- — - —.—- .—. —,., .$‘
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APPENDIX B

OF EXcHRoMmRIc CHaR!r

The equations~cessary for obtain3nga psychrometrioohart
hawing totalp?essure as a variablemay be derivedin the follow-
@ mnner:

From the generalenergyequation,the enthalpyd a mixture
of ah and waterper PO- of ati is

%,b + ‘b%,b + (%- ‘b) ‘2 = %,c + ‘C%,C (Bl)

The enthalpy& liquidwater is small.comparedto the
enthalpyof watervapor;by assmnimgthat.the water is injeoted‘
at the temperaturefqc whiohthe enthalpyis zero,the”effect& .
liquidwatermay be neglected.For the pesent analysisit was
assumedthatthe enthalpyof liquidwaterwas zeroat 518.4°R;
and the resultsare thereforeaccuratefor water tijectedat this
temperate, with very smallerrorsresultingfor
what d3fferenttemperature.By assming thatthe
liqulawater is zero,equation(Bl)may be Stateii

The totalenthalpy

The water-ati

ha,b + %%jb = ‘a,c + ‘c%, c

water at
enthalpy
as

H f~ condition b or c i8 defin@

H=ha+~

ratio X is evaluateaas follows:

P~ % %tax...—_
pa %tv pa

a scuae-
ae

(B2)

as

(B3)

(B4)

E the temperaturescd?the air and the vapotizeilwaterare
equaland.lkdton~slaw & prtial pressmes is 7d-ia, equation(B4)
bemnes

Ra pv
x.q -

.

.

(m.

..— — —.—-—— —.
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.

Fran the definitions& relativehumidity,relativepres-
sure,and gas constant

8 = p@4.696 (B7)

.

Substitutingequations(B6)to

m)
%

(B8), in equation(B5)gives

()

q %, s
314.696

.
(B9)

~q%$s’
- ~ 14.696

When water-airratio X is replacedin equation(B3)by the value
as eqressed in equation(B9),the equ’essionfor totalenthalpy H
becomes

()
q) %,s

Ra
H=ha+hv — Em

()

(B1O)
%Vv ~ q %,s

v - ~ 14.696

The data presentedin fig’qe1 were obta~d by means M
equations(B9)and (B1O)and the thermoi@amiodatafor air and
watervaporcontainedin references3 ti 4, respectively.For
Convenimoe,the enthalpyof the saturatedmixtureaf air and
watervaporat a temperatureof 518.4°R and a pressureat
14.696pounds~r square inch was arbitrarilyfixedat
100Btu per poundof air. In usingequation(B1O),the enthalpies
d the air and watervaporobtainedfrom references3 and 4,
respectively,must be alteredin orderto satisfythe conditions
of zeroenthalpyC@ liquidwaterat 518.4°R and the condition
af an enthalpy& 100Btu per poundd air fa a satwateii mix-
ture of air and watervaporat a temperature& 518.40R and a .
pressme of 14.696poundsper squareinch. The valuesof enthalpy
& water vapormust be decreasedby 27.1Btu per poundin order
to satisfythe fimt renditionand the enthalpyat air must be
increasedby 60.25mu per poundin orderto satisfythe second

-.— —.—. —. .. . .. .-. —z ._ .— — —
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co@ition. The injectionof waterat a temperatureotherthan
518.4°R would simplyalterthe valuesof enthalpyof watervapor
and therebychangethe totaletihalpyof the mixturefor a givwn
temperature .

‘Ihe enthalpyand,the s~olfic volumeof watervapodare func-
tionsof the vaporpressureof wateras wellas the temperature.
In the rangeof tempemturesand pressuresencounteredat the com-
pressw inletof a turbojetengine,however,the enthalyyof
watervaporad the product@ vapor~essure and specificvolume
canbe consideredas functionsonly of temperaturefor all prac-
ticalprcposes. For any valued temperature,the enthalpyand
the spectiicvolumewere evaluatedfor the madmum pressurethat
wouldexistfor that temperatureat the com-pessor inlet of a
turboJetiengine. Thismaximm pressureis the pessure thatwoti
be obtainedby idealram cauqmessionfrom standardsea-1e-1 tem-
peratureand pressureto the desiredtempemture.

I
1

[

I

———— —— —-.
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lmvELo- CIFQmwmzED PERFmMmm ATwlasIs

The usualmethodd
r

sentingturbojet-enginedata is to
show oorreotedthrust 1? comcted air flow Wa~~, cor-
rectedfuel flow Wf/(8@’), and oorrectedturbine-outlettempera-
ture T7/(3as funotionsof co-cted enginespeed N/@. The
accuracyd the generalizedperformnoeanalysisin oaloulating
pexfo~ce for variousaltitudesis dependenton the degreeto
whichtheseengineyerformnce prameters may be generalizedfor
variousaltitudes.llqertientalresultsindloatethatthe thrust,
the air fluwjand the turbine-outlettemperaturegeneralizevery
well for all altitudes,amd thatthe greatestde-tion may be
eqeotea for fuelflow beoausecd’the variationof combustion
efficiencywith altitude.

The effectc& flightMch nmber ~ oannotbe determined
merelyby consideringthe variationin 13 and 5 prduoea by a
chaagein f13ghtMach naber, becausefor a givencorrecteaengine
speetlthe pressme and temperatureratiosacrossthe eng3neohange
with ohangesin flightMaoh number. By operatingthe q- at
sea-level,zeroI&ch numberconditionsovera rangeaf engine
speedsand with sevezald3fferentexhaust-nozzleareas,it is yos-
sibleto varythe enginetempentureand pressureratiosovera
range suohas woultlbe encounteredby operationof the engineover
a wide rangeaf flightconditions.The USU1 methodaf pesenthg
turbojet-enginedata is to considerenginespeeathe primaryvari-
ableand inlettemperatureand pressureas correctionfactors.
Beoausetwbojet enginesare usuallyoperatetivery closeto rateil
enginespeea,the familiarIwrformanoe parametershavebeen ~
alterexlhereinto make inlettemperaturethe @mary variableand
engineSpeeaand inletpressurethe correctionfactors.

From the expressionfor
engine,

net thrust developd by a turbojet

(cl)

it oan be seenthat.in orderto evaluate the net thrustat any
fll@t conditionthe gas flow throughthe engine,the fuel flow,
the flightvelocity,and.the jetvelooitymust be known.

.-

.

. . . .. .—.—.... ..——— — _ —. —.. _____ .. ___ — .—-—. —.. _- .._ .
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For an operatingconditionat’lmownturbine-otilettempera-
tureand enginespeed,the gas flow throughthe engineand the
fud flow are functionsonly of the compressm-inlettemperature
@ pressureand may therefore.be evaluatedfor any flightcon-
titionand inlet-diffuser~rfozmgnce.

The edmurti-jet velocity is a funotion of the exhaust-nozzle-
inlettemperature,the pressureratioacrossthe etiust nozzle,
and the exhaust-nozzleefficiency.The etiust-nozzlepressure
mtio P7/po canbe obtainedfrcxnthe eng5nep?essureratio p7/~1
and the dWRzser pressuremtio P1/pO as follows:

(C2)

The M&user pessure ratio canbe fouudeitherfrom a knowledge
of the actual&user performanceor calculatefrcunan asswwi
d3f’fuserefficiency- f13ghtvelocity. The enginepressure ratio

is obtaineabring the sea-level
directmeamrem

, zerok@ch numberruus eitherby
ent or by calculation.The followingeqmession

may be uses to computethe enginepressureratiofrcm data
obtahea at zeroMach nwnberwhen thrust,air flow,fuel flow,
and turbine-outlettemperatureare lmown: “

P7/Pl= 1
1 7-1 1

‘<2$7R~
(C3)

From the gas flaw,fuel flow, jetvelocity,and flightvelocity,
the net thrust~uced by the turbojete&&inemay then be emiu-
atea overa wide range& flightconditionsby use & equation(Cl).

The mrves @ figure2 are obtainedby cross-plottingthe
turbojet-engine~rformance datap?esenteain figure8. Iu fig-
ure 8(a)the engine~essure titio P7/Pl calculatedt’romeq,ua-
tion (C3)for‘aconstantexh&ust-nozzl.eefficiencyis shownas a
functionof the inlet-tempratqe factcx e(7700@)2 for mrious
valuesC@ etiust-nozzlediameter. The factm e(7700@)2 is

po~ional to the reciprocal& the squareof the more familiar
~ter N/@. The CC-t 7700was tittiucea to alluwthe
abscissa& figure8 to be red directlyin tezmwof e for ratea
speed. m figurbs8(b)h 8(c),the enginegas fluw (Wg/5)(N/7700)
and fuelflow (Wf~) (7700@), respectively,are pxxentea as func-
tionsof (3(7700/11)2for variousvaluesd exhaust-nozzlediameter.

.

.———. . . .- ...
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The constant 7700 was introducedto obtain W /5 and Wf@
%0directlyfram figures8(b)@ 8(c),res cti ly for rated

enginesyeed,. TThe gas-flowfactor (Wg5)(N/7700~ is somewhat
in errorbecauseit assumesthatair flow and fuel flow are cor-
rect~ in the samemanner;however,fuelflow is a smallpart &
the total-S flow and the gas-flowtactoris sufficientlyaccu-
ratefor most proposes.

.k figure8(d), the reciprocalof turbine-outlettempera-
ture (3(1660~ ) is shuwnas a functionof inlet-temperature

factor e(7700@)2 for various exhaust-nozzle diameters. The

factor 1660, turbiae-outlettemperaturefw o~mtion at rated
speed.,was includedto allowthe o~te & figure8(d) to be
read d3rectlyin termsof 13.For all conditicms& engineoper-
ation,the valueof e on the abscissamust be equalto the value
of 13 on the ordinate.For o~ration at mtetien@ne speeaand
turbhe-outlettemperature,the factor (T7/1660)(7700@)? must
be ~qualto 1. In orderto rqyesent engineomation at other
thandesignspeeaor turbine-outlettempetiture,curvesfor values
of the factor (T7/1660)(7700fi)2& 0.9 and 1.1 are also
ticluaed. The curvesWesentea in figure2 are optatid by oross-
plottingthe curves& figures8(a)to 8(c)with figure8(d).
The data yesented in figure~2 and 8 are for a tyyical4000-pound
thrustadal-flow engine;the samemethoaof gene~lizea perform-
anceanalysis,however,canbe applieato any enginefor which sea-
level,zeroMach nmber datafor operationwith variousetiust-
nozzleareasare available.

1.

2.

3.

4.

wout , ArthurM.: TheoreticalTurbojetThrustAugmentationby
Evaporation& WaterDuringCom~ssion as Determine&by Use
of a MollierDiagram. NACA ~ 2104,1950.

Sanders,Jkwell,and Behun,Michael: Generalizationof
Turbojet-EnginePerformancee h Termsof PumpingCharacta-
istics. N4CA TM 1927,1949..

Keenan,JosephH., and.IQye,Joseph: Thermo_c Prope~ies
of A&. JohnWiley& Sti., -G., 1945.

Keenan,JosephH., and
Propertiesof Steam.

K&yes,-ErederickG.:
JohnWiley& sons.,

Thermodynamic
h., 1936.
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Figure1. - R3@rcmetiic chart. (A17-

CcrMb-l. %

by 22-in.printof thisfigureis attmhed.)
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Figure2. -
c

Inlet-temperaturefactor,e(7700fij2

(a) wgtie pressureratio. “
Pumpingcharacteristicsof turbojetengine.
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Net-temperaturefactor,e(7700/N)2
(b) To*1 gas flow.

Figure2. - Contihued.Pumping”characteristlosof turbojetengine.

.
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1.0 1.1 1.2 1.3 1.4 1*5 1.6 1;7 1*8

Wet-temperaturefactor,e(7700/l?)2

(0) Fuelflow.
Figure2. - Conoluded.Fmnplngcharaoteristiosof turbojetengine’.
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.

.

.
“

Flight hlaohnumber,Ho
(b) Temperateratio.

Figure3. - Inlet-dlffuserperfonnanoe.

———. .—— —— —.—–-—.—. ——..— -
.



1285
. .

I

!

{
.

Ii
r

j

1
~

I
!
i!

1.0 1.1 l.a 1.3 1.4 1.8 1.6 1.7 1..9L9 8 a.s 3 4 s 6Telll Sormm



28 NACA TN 2105,
.
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Figure5. - Effectof flightMach number,altitude,and iulet-diffuse
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2.0
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. Atmospheric

humidity

o 0.5 1.0 1.5 2.0

. Flight Mach number,~

Figure 6. - Effectof atmospheric relatfvehumidityand flightMach
numberon au

r
tited-thrustratio. Altitude,sea level;inlet-

diffusereff ciency,0.8.
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Figure 7. - Effectof engine-inlettempe=ture and atmosphericrela-
tivehumidityon augmented-thrustratiofor sea-level,zeroMaah
numberconditions.
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1

1

1

1

1

1

Inlet-temperaturefactor,e(7700/N)2

NACA TN 2105

(a) Enginepressureratio.
Figure8. - Turbojet-engineperfomnancefor variousexhaust-nozzle

diameters.
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.

Inlet-temperature factor, 0(7700/’M)2

(b) Totalgasflow. .
F igure 8. - Continued. Turbojet-engine perfomame for various

exhaust-nozzle diameters.
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NACA TN 2105.

.

1

Iklet-temperature f’aotor,e (7700@}2

(0) Fuel flow.

Figure 8. - Continued. Turbojet-engine performame for various
exhauzt-nozzle dfameters.
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1

.

1

.

1

Inlet-temperaturefactor,Q(7700fi)2

(d) Turbine-outlettemperature.
Figure8. - Oonaluded.Turbojet-engtieperformance

exhaustmozzlediameters.
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